Millisecond pulsars have been discussed as a possible source of the gamma-ray excess observed from the region surrounding the Galactic Center. With this in mind, we use the observed population of bright low-mass X-ray binaries to estimate the number of millisecond pulsars in the Inner Galaxy. This calculation suggests that only ∼1-5% of the excess is produced by millisecond pulsars. We also use the luminosity function derived from local measurements of millisecond pulsars, along with the number of point sources resolved by Fermi, to calculate an upper limit for the diffuse emission from such a population. While this limit is compatible with the millisecond pulsar population implied by the number of low-mass X-ray binaries, it strongly excludes the possibility that most of the excess originates from such objects.
cm
3 /s (or by somewhat lighter particles annihilating to lighter quarks with a slightly lower cross section) [1] . The possibility that this signal constitutes the first detection of particle dark matter interactions has received considerable interest, and many dark matter models have been put forth as potentially viable explanations for the observed excess .
Due to the complex nature of the Galactic Center region, it is non-trivial to definitely rule out an astrophysical origin of this excess. Any such scenario, however, must be able to account for the following observed characteristics of the signal:
• The spectral shape of the excess is measured to strongly peak at energies of ∼1-3 GeV (in E 2 dN/dE units). Although previous studies found it difficult to robustly determine the shape of this signal's spectrum at energies below ∼1 GeV, the application of cuts to the Fermi event parameter CTBCORE, as applied in Ref. [1] , have considerably reduced the systematic uncertainties involved in this measurement (see also Ref. [46] ). Furthermore, the spectral shape of the excess shows no indication of varying with direction on the sky; the morphological parameters favored by the fit are consistent across all energy bins above 600 MeV [1] .
• The angular distribution of the excess is approximately spherically symmetric about the Galactic Center. More specifically, the center of the excess is constrained to lie within ∼0.03
• from the Galactic Center (Sgr A * ), corresponding to a distance of ∼5 parsecs. Any extension of the excess along or perpendicular to the Galactic Plane with an axis ratio greater than ∼20% is also strongly disfavored by the data.
Proposed astrophysical explanations for the gammaray excess fall into two categories. The first of these are scenarios in which a ∼10 52 erg burst of cosmic rays was injected into the Galactic Center in the recent past (∼10 6 years ago). Such an outbursts could be dominated by either protons or electrons. In the case that the cosmic-ray population is dominated by protons [47] , the highly aspherical and disk-like distribution of gas leads to a gamma-ray signal that is much less spherically symmetric and much more disk-like than is observed (see also Refs. [48, 49] ).
1 Furthermore, the spectrum of the excess as reported in Ref. [1] can only be generated if the cosmic protons are injected with an unrealistic, nearly delta-function-like, spectrum, peaking at E γ 20 − 30 GeV (the more realistic broken power-law models consid-1 This conclusion can be reached simply by comparing the lower frames of Fig. 3 in Ref. [47] to the morphology of the excess reported in Ref. [1] . To address this question more quantitatively, we re-performed the Galactic Center analysis as described in Ref. [1] , including a proton-burst spatial template (2 Myr or 100 kyr, which were each provided to us by the authors of Ref. [47] ) in place of the spherical dark matter-like template. Our fit found these cosmic ray templates to be incapable of accounting for any significant amount of the observed emission, and are each disfavored relative to the best fit spherical template at a level of approximately 17σ.
arXiv:1407.5625v1 [astro-ph.HE] 21 Jul 2014 ered in Ref. [47] do not yield spectra that are compatible with the observed emission) [3, 4, 6] . In the case of a burst dominated by high-energy cosmic ray electrons, in contrast, such an event could potentially yield a somewhat more spherically symmetric distribution of gamma-rays (due to their inverse Compton scattering with radiation rather than with the disk-like distribution of gas) [50] , although the accompanying bremsstrahlung emission would be disk-like. It is very difficult, however, to simultaneously account for the observed spectrum and morphology of the gamma-ray excess in such a scenario. Furthermore, the energy-dependance of diffusion would lead to a more spatially extended distribution at higher energies, in contrast to the energy-indepenent morphology reported in Ref. [1] .
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The second category of proposed astrophysical explanations for the gamma-ray excess are scenarios involving a large population of unresolved gamma-ray sources. Millisecond pulsars (MSPs) are known to exhibit a spectral shape that is similar to that of the observed excess, and have thus received some attention within this context [3] [4] [5] [6] [7] [8] 53] . In this letter, we discuss what is known about the spectrum, luminosity function, and spatial distribution of millisecond pulsars in the Milky Way, and use this information to evaluate whether they might be able to account for the observed gamma-ray excess.
The Measured Spectra of Millisecond Pulsars: We have recently reported measurements of the gamma-ray spectra of 61 MSPs observed by the Fermi Gamma-Ray Space Telescope, using data collected over a period of 5.6 years [54] . The best-fit spectrum of this collection of (stacked) sources is shown in Fig. 1 , and compared to the spectrum of the observed gamma-ray excess. Overall, the spectral shape of the gamma-ray excess is fairly similar to that observed from MSPs, and this comparison has motivated an unresolved population of such sources as a possible source of the Galactic Center gamma-ray excess. At energies below ∼1 GeV, however, the spectrum observed from MSPs is significantly softer than is exhibited by the excess.
At this time, a few comments are in order. First, if the observed catalog of gamma-ray MSPs is not representative of the overall population, it is possible that the stacked spectrum could differ from that produced by a large and unbiased collection of such objects. The gamma-ray emission from globular clusters is dominated by MSPs, and their spectra has often been presented as
The measured spectral shape (blue error bars) and best fit parameterizaation (blue dashed) of the stacked emission from 61 millisecond pulsars observed by Fermi [54] (black dashed) compared to that of the observed gamma-ray excess [1] (black error bars). Also shown is the spectral shape from the stacked emission from 36 globular clusters (red error bars) [54] , and the spectrum predicted from a 35.5 GeV WIMP annihilating to bb (black solid).
that of an unbiased sample of MSPs. The spectra observed from Fermi's globular clusters (shown in Fig. 1 as red error bars [54] ) is even softer than that from MSPs [54] , however, and provides a very poor fit to the observed excess.
Prior to the study of Ref. [1] and their application of cuts to CTBCORE [46] , significant systematic uncertainties complicated the determination of the low-energy spectrum of the gamma-ray excess (for an illustrative example, see Fig. 10 of Ref. [8] ). After cutting on CTB-CORE, however, the shape of the low-energy spectrum is much more robust to variations in analysis procedure. And while imperfections in the diffuse emission model used may impact the spectral shape of the excess, the variations considered in Ref. [51] do not favor the possibility of a significantly softer low-energy spectrum than was found in Ref. [1] .
The Observed Distribution of MSPs in the Milky Way: Along with many MSP detections made at radio wavelengths, Fermi has reported the observation of gammarays from 62 MSPs. While most of these objects have been found in or around the disk of the Milky Way, some have also been observed to reside within globular clusters. In the left frame of Fig. 2 , we plot the distribution of Fermi's MSPs on the sky. This population has been shown to be well described by a thick disk-like distribution, with an exponential scale height of ∼0.5-1.0 kpc [56, 57] . In the right frame of Fig. 2 , we use a MSP thick-disk distribution model fit to this population to estimate the morphology predicted from the unresolved members of this population (solid contours). This prediction is very elongated along the disk, and does not • extent to which the gamma-ray excess is currently detected [1] . In the right frame, we show the morphology of the diffuse gamma-ray emission predicted from millisecond pulsars in the field of the Milky Way (solid) and from annihilating dark matter (dashes). For millisecond pulsars, we adopt a spatial distribution in cylindrical coordinates given by: n ∝ exp(−R/5 kpc) exp(−|z|/1 kpc), as supported by the catalog of such sources observed by radio and/or gamma-ray wavelengths [55] . For dark matter, we show here the result for a generalized NFW profile with an inner slope of γ = 1.2. In each case, the lines are contours of constant flux, separated by factors of 2. Given the limits of Fermi's angular resolution, we do not include any contours within the inner 1
• around the Galactic Center.
provide a reasonable fit to the much more spherical morphology of the observed excess.
As it is clear that the MSPs distributed throughout the disk of the Milky Way cannot account for the observed gamma-ray excess, we are instead forced to hypothesize a new (and currently unobserved) population confined to the region surrounding the Galactic Center. The existence of such a population can be motivated by the fact that the abundance of MSPs (per stellar mass) is much higher in globular clusters than in the disk of the Galaxy. This is generally interpreted as evidence that this MSP population is the result of dynamical interactions, made possible by the high stellar densities found in globular clusters. Given that the number density of stars in the innermost parsec of the Milky Way are comparable to that found in the cores of globular clusters, one expects that a sizable MSP population may be present in the Galactic Center as well.
Using Low-Mass X-Ray Binaries To Estimate the Number and Distribution of MSPs in the Galactic Center: Most MSPs evolved from low-mass X-ray binaries (LMXBs) which consist of a compact object that is powered by accreting matter from a low mass companion. Unlike MSPs, however, the X-ray emission from bright LMXBs can be readily observed in the Inner Galaxy, making it possible to study the distribution of these objects in this region. As different stellar populations of a similar age are expected to contain a similar ratio of MSPs-to-LMXBs, we can use the numbers of LMXBs observed in globular clusters and in the Inner Galaxy to estimate the size of the MSP population in the region surrounding the Galactic Center.
Focusing on the 16 globular clusters detected as gamma-ray sources by Fermi and reported in Ref. [54] , there are only five "bright" (L > 10 36 erg/s) LMXBs that reside within these systems (in total, 12 bright LMXBs have been detected within all globular clusters). 3 The sum of these 16 globular clusters is observed by Fermi to have a total gamma-ray luminosity (above 0.1 GeV) of 6.1 × 10 35 erg/s, which corresponds to 4.8% of the luminosity of the Galactic Center excess from within in the innermost 5
• . If we take these 16 globular clusters to represent a fair sample of both MSPs and LMXBs, we can use the observed gamma-ray emission to calculate how many bright LMXBs should be present within the Inner Galaxy if MSPs are the source of the excess GeV emission. This calculation finds that if MSPs are to account for the GeV excess, there should also be 103.0 +69.7 −44.5 bright LMXBs within 5
• of the Galactic Center. In contrast, IN-TEGRAL (which has sensitivity in the direction of the Galactic Bulge well beyond the level required to detect such bright sources) has detected only 6 bright LMXB candidates in this region of the sky [58] , suggesting that only ∼6% of the GeV excess originates from MSPs. This is likely to be an overestimate for two reasons, however. First, by using only the subset of globular clusters detected by Fermi, we have biased our sample towards those systems with especially gamma-ray bright MSPs. Given that the gamma-ray emission from globular clusters is generally dominated by only one or a small number of bright MSPs [54] , the impact of this bias could be significant. Second, we note that the stellar populations in globular clusters are generally older than the average stellar population near the Galactic Center. Due to the fact that the LMXB phase precedes the MSP phase and that LMXBs are relatively short lived ( < ∼ 10 8 yr [59] , compared to ∼10 10 yr for MSPs), we expect the MSP-to-LMXB ratio to be higher in globular clusters than in the Galactic Center. Taken together, this information leads us to estimate that ∼1-5% of the Galactic Center's GeV excess is likely to be the result of unresolved MSPs.
In addition we note that the LMXBs observed in the Inner Galaxy by INTEGRAL follow a distribution that is very different from that required to produce the morphology of the observed gamma-ray excess. Instead of the highly concentrated and spherical distribution required to produce the excess, the LMXB distribution traces the overall stellar population, including a significant degree of elongation along the Galactic Plane [58] . Whatever is responsible for the GeV excess is more concentrated around the Galactic Center and is distributed with greater spherical symmetry than is observed among INTEGRAL's LMXB population.
The Dearth of Gamma-Ray Pulsars Observed in the Inner Galaxy: If MSPs are, in fact, responsible for the Galactic Center gamma-ray excess, then Fermi should be able to resolve the brightest of these objects as individual gamma-ray sources [56] . As a consequence, the number of MSPs (and unidentified gamma-ray sources that could be MSPs) observed in the Inner Galaxy by Fermi can be used to place an upper limit on the total gamma-ray emission from the sum of all MSPs in the region. In Ref. [56] , this was done using a phenomenological pulsar model, with parameters fit to match the observed MSP population. Here, we instead make use of the MSP luminosity function, as directly determined in Ref. [54] .
In Ref. [54] , we determined the luminosity function of nearby MSPs by studying the sample of such sources detected by Fermi, and correcting for Fermi's distancedependent luminosity threshold. This measured luminosity function extends down to L γ = 10 31.5 erg/s (E > 0.1 GeV), below which Fermi is unable to resolve any but the most nearby sources. For MSPs with a luminosity exceeding this value, their mean luminosity is 9.8 × 10 33 erg/s. In order for such sources to produce the observed intensity of the gamma-ray excess, approximately 2.0 × 10 3 × (1 − f ) MSPs with L γ > 10 31.5 erg/s would be required within the inner 1.8 kpc around the Galactic Center. The fraction of the total luminosity from MSPs that comes from sources with L γ < 10 31.5 erg/s was shown in Ref. [54] to be small, f 1 (all indications are that the vast majority of the total emission from MSPs comes from a relatively small number of bright sources). From the luminosity function and its errors, we calculate that (226.9 +91.2 −67.4 ) × (1 − f ) of these sources are expected to be bright (L γ > 10 34 erg/s) and (61.9
35 erg/s). To date, Fermi has detected no MSPs from the inner 1.8 kpc around the Galactic Center (the region of the excess). The three MSPs that appear within this angular region of the sky map shown in the left frame of Fig. 2 are each known to reside outside of the inner 1.8 kpc, along a line-of-sight between the Solar System and the Inner Galaxy. In this region of the sky, there are also seven unidentified sources in the second Fermi source catalog (2FGL) [60] which do not have IR counterparts in the WISE blazar catalog [61] (J1830.9-3132, J1820.6-3219, J1730.6-2409, J1748.9-3923, J1813.6-2821, J1717.3-2809, J1727.8-2308). 4 In the outer fraction of the region in question (|b| ∼ 10 − 12
• ) Fermi's 2FGL catalog should be approximately complete above L γ > 10 34 erg/s. Closer to the Galactic Center, Fermi is less sensitive to point sources, but should still be able to resolve very bright MSPs (L γ > 10 35 erg/s) [60, 62] . If MSPs were responsible for the observed GeV excess, Fermi should have resolved on the order of 10 2 bright point sources from this region of the sky. The absence of such sources forces us to conclude that no more than ∼10% of this signal originates from such sources. While this limit excludes MSPs as the primary source of the observed excess, we note that it is compatible with our estimate based on LMXBs presented earlier in this letter (that ∼1-5% of the excess comes from MSPs).
General Remarks: If instead of adopting the luminosity function as determined in Ref. [54] , we could imagine another hypothetical point source population without the very bright members found among MSPs. For example, we could consider a source population with a luminosity function similar to that presented in Ref. [54] , but truncated above 10 35 erg/s. In that case, we find that a population of 4. In Summary, we find that the population of millisecond pulsars in the Inner Galaxy is likely to be responsible for only a small fraction (∼1-5%) of the observed GeV excess. This conclusion is supported by the low-mass Xray binary distribution observed by INTEGRAL, and is consistent with the number of gamma-ray point sources detected by Fermi in this region. If the gamma-ray excess observed from the region surrounding the Galactic Center is produced by any population of gamma-ray point sources, those sources must be consistently faint (with no significant number of sources brighter than ∼10 34 erg/s), and extremely numerous (tens of thousands of sources within the innermost kpc). The luminosity function of millisecond pulsars, in contrast, is observed to extend to at least ∼2 × 10 35 erg/s [54] .
